Introduction
Being sensitive to subsurface resistivity variations, the frequency domain CSEM method has been adopted as a risk reduction tool for exploring for hydrocarbon reservoirs in marine environments. A great number of articles have been published regarding data processing, modeling, and interpretation (for example Bouchrara et al., 2012 , Myer et al., 2012 , Constable, 2010 , to name but a few). However, due to the diffusive characteristics of the EM field, and the consequences of non-uniqueness and regularization inherited from inversion techniques, the derived results quite often are ambiguous (Hesthammer et al., 2012) . With survey data, the 'true' answer is unknown, and therefore improvements in workflows are based on subjective assessment of the results. A better approach to test and fine-tune workflows is to use a synthetic model which is known to the interpreters for calibration. This study is based on the SEG SEAM model and the CSEM data set derived from it (Fehler and Keliher, 2011 ). The SEAM model contains strong 3D geological structures and bathymetry, and high resistivity contrast, which pose challenges for interpretation, and thus it serves very well as a real-life CSEM survey project.
In a survey situation the true earth structure is unknown to the interpreter. To simulate this situation and to avoid prejudicing the interpretation outcomes through knowledge of the true model, our organization assembled two teams for this project: one (the 'client') responsible for extracting the required data and the other team (the 'company') in charge of modeling and interpretation of the data delivered by the client. To ensure a 'blind test' setup, the extracted SEAM model was not disclosed to the 'company', and the interpreters were not allowed to collect any related information about the model from any available external resources.
The client set the company a task: based on the acquired CSEM data, two well log suites and two seismically defined horizons, provide interpreted results to address two questions: 1) What is the extent of the hydrocarbon encountered in one of the wells? 2) Does a second deeper sand formation, encountered in the second well, but water bearing at this point, contain hydrocarbons? To answer the client's questions, the company could use available proprietary tools including multi-dimensional modeling and inversion software.
Dataset
The survey area covers an area of about 25 x 36km with a sea water depth variation from 600 to 2000m across the area. The interval of interest consists of PleistoceneOligocene sediments, penetrated by a salt diapir that extends to a few hundred meters below seafloor in places. The client extracted and added an unknown amount of Gaussian noise to a total of 128 electric CSEM receiver data deployed along nine tow lines as displayed in Fig. 1 . Frequencies of the data are 0.1, 0.2, 0.4, and 0.8 Hz. So far, only receiver data along lines 50, 51, 52, and 26 are utilized for analyses. Also delivered were two well log data sets and two interpreted seismic horizons. The former include density, seismic velocities, porosity and horizontal resistivity (as would be measured by a standard induction log. Note that no information on vertical resistivity was provided to the company); the latter composed of the tops of the Pliocene and a salt diaper. Based on the well data, a sand layer charged with hydrocarbon was discovered in well 1 in a layer called the Wasp Sand, which sits right on top of the salt body. The same layer was found in well 2 toward the east end of the survey area. However, at this point the sand is water wet. At a depth of 200m below this in well 2 another sand layer, the Bee Sand, was penetrated also with no sign of oil or gas. Using this information, the client would like the company to determine the extent of the hydrocarbon accumulation in the Wasp sand and the size of the reservoir in the Bee Sand if it is charged.
The CSEM data is heavily affected by the bathymetry and the 3D geological structure as illustrated in Fig. 2 
Multi-dimensional analyses of the SEAM CSEM data Feasibility study
A feasibility study is vital to check if the potential prospect produces detectable signal for further analysis. Though influenced by higher dimensional effects, 1D background models constructed from up scaled log data can provide a useful first look if data are selected properly. These studies indicate that the CSEM anomaly due to the discovered hydrocarbon in well 1 is not detectable from the background due to the proximity of the salt body. However, on the eastern half of the survey area, a sizeable CSEM anomaly (> 15%) can be observed if either the Wasp or the Bee sand has a resistivity anomaly as low as 4 Ω·m for frequency higher than 0.4Hz. A 3D feasibility study yields similar conclusions. Therefore, the goal of the interpretation will focus on this side of the area.
1D analysis
1D modelling, though simple, can provide useful first order information in a modeling and interpretation workflow, allowing gross trends in the data and background resistivity structure to be assessed. The 1D analysis can also form a basis for higher dimensional modeling. However, the interpreter has to be careful to exclude data that are apparently affected by 2D or 3D structures.
1D results can also be used to assess the level of anisotropy in the structure by examining multi-azimuth CSEM data. Our analysis demonstrated a mild degree of anisotropy (a ratio of about 2 between the vertical and horizontal resistivity) exists in some layers. Therefore anisotropic inversion was carried out for each receiver on line 51 independently and the combined resistivity image is displayed in Fig. 3 . Here, the inverted resistivity column at each station is tilted by 45 degrees toward the inbound or outbound direction of the source track to reflect the fact that the data is sensitive to the volume of earth between each transmitter-receiver pair.
While a clear resistivity anomaly can be observed in the vertical resistivity at a depth of about 3000m between the easting from 24000 to 28000m, such anomaly does not exist in the horizontal resistivity image. This suggests the presence of a thin resistive layer, probably the eastward extent of the hydrocarbon charged sand encountered in well 1. However, the spatial distribution of the anomaly should not be over interpreted as the real location of the target because of the 1D assumption applied to the geological structure.
2D analysis
Though affected by rugged bathymetry, 2D interpretation is possible under some favorable conditions (Tseng et al. 2012 ) and often provides useful information about the resistivity structure. Initiating from a layered model based on the 1D analysis (without inclusion of the salt diapir), Fig. 4 shows the inverted isotropic resistivity sections along lines 51 and 26, respectively. The former was a east-west line and the latter ran from the south toward the north. The dashed vertical line indicates where the two sections intersect. The inline electric field data at all four frequencies were inverted using a 2.5D Occam inversions (based on that described by deGroot-Hedlin and Constable, 1990) . The outline of the major salt body compares well with the supplied seismic horizon. The high resistivity anomaly related to the prospect can be identified easily at a depth about 3000m.
3D analysis
3D inversion is deemed to be the ultimate tool to resolve the true structure of a prospect, even though the process is computationally intensive. A finite-difference based 3D algorithm combined with a regularized least-squares methodology (Commer and Newman, 2008, Newman and Alumbaugh, 1997 ) was used to further characterize the target in a three-dimensional sense. The total field approach was selected to solve the Maxwell's equations for forward simulation and the secondary derivative of the resistivity distribution was used to regularize the optimization. A total of 60 receiver stations on three westeast running towlines (labeled as 50, 51, and 52 in Fig. 1 ) and one north heading tow (line 26) were chosen for 3D inversion due to their 3D setup and coverage of the area of interest. Both in-line and off-line 0.8Hz electric field were used for the former and only in-line data for the latter. Since anisotropy was observed in the 1D analysis, an anisotropic inversion for both vertical and horizontal resistivity was performed.
Starting with a 0.65 Ω·m background and a 98 Ω·m salt body, the final vertical resistivity image for the vertical section along line 51 is presented in Fig. 5(a) . Possibly due to the fact that only one frequency was selected, the target manifests itself as a blurry, resistive volume ranging from 2000m to 3200m in depth. However, integrating vertically to obtain the transverse resistance across the expected reservoir depths and over the whole survey area reveals a clear lateral extension of the potential hydrocarbon reservoir (Fig. 5(b) ), albeit with a survey overprint related to the finite extent of the data available. As expected, well 2 was clearly located outside of the outlined reservoir. Step by step, starting with feasibility assessing, then 1D and 2.5D analyses, and ultimately to 3D interpretation, we have obtained consistent interpretation results of the prospect, and the down dip extent of the hydrocarbon accumulation away from well 1. The bulk outline of the prospect has been mapped. However, it is still unclear which formation (the upper Wasp sand, lower Bee sand or both) is responsible for the high resistivity anomaly. Constraints utilizing the a priori seismic and well log information will be used for further study to address this question.
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